Abstract A hybrid gas/liquid pulsed discharge plasma reactor using a porous ceramic tube is proposed for dye wastewater treatment. High voltage pulsed discharge plasma was generated in the gas phase and simultaneously the plasma channel was permeated through the tiny holes of the ceramic tube into the water phase accompanied by gas bubbles. The porous ceramic tube not only separated the gas phase and liquid phase but also offered an effective plasma spreading channel. The effects of the peak pulse voltage, additive gas varieties, gas bubbling rate, solution conductivity and TiO2 addition were investigated. The results showed that this reactor was effective for dye wastewater treatment. The decoloration efficiency of Acid Orange II was enhanced with an increase in the power supplied. Under the studied conditions, 97% of Acid Orange II in aqueous solution was effectively decolored with additive oxygen gas, which was 51% higher than that with argon gas, and the increasing O2 bubbling rate also benefited the decoloration of dye wastewater. Water conductivity had a small effect on the level of decoloration. Catalysis of TiO2 could be induced by the pulsed discharge plasma and addition of TiO2 aided the decoloration of Acid Orange II.
Introduction
With the rapid development of textile industry, a variety of visible organic dyes of complex composition and strong biologic toxicity have been synthesized and the produced dye wastewater has caused serious environmental contamination [1∼5] . Efficient dye wastewater treatment is the key to avoiding environmental pollution. The discharge plasma technique, as one of the most advanced oxidation technologies, has been studied extensively and regarded as a promising alternative for dye wastewater treatment due to its high efficiency in producing large amounts of chemically active species, such as O 3 , ·OH, ·O and H 2 O 2 , through collision between high-energy electrons and neutral molecules in the discharge plasma channel [6∼8] . In the process of producing the pulsed discharge plasma, large amounts of ozone, strong UV light and over pressure shock waves are also concomitantly produced so that the pulsed discharge plasma exhibits excellent superiority and promising prospects in organic wastewater treatment [9∼11] .
Pulsed discharge reactors are usually classified into gas phase [12, 13] , liquid phase [14] and gas-liquid phase [15] discharge reactors according to the location of the discharge electrode. Liquid and gas-liquid phase discharges always suffer from discharge electrode corrosion and the effect of solution conductivity. Gas phase discharge is the most efficient way to produce plasma without discharge electrode corrosion and the effect of solution conductivity, but the utilization efficiency of the generated active species will be affected by the diffusion coefficient of gas to solution. Thus, it is expected to simultaneously carry out gas phase and liquid phase discharges for further increasing the decoloration efficiency of dye wastewater.
Heterogeneous photocatalysis has been acknowledged as one of the promising advanced oxidation processes for wastewater treatment. TiO 2 is regarded as an economical and efficient photocatalyst, which has attracted researchers to use it in heterogeneous photocatalysis. It has been proved that TiO 2 in solution can be excited by light of a wavelength less than 385 nm and ·OH is produced on the surface of TiO 2 to nonselectively oxidize a large number of organic pollutants in water. SUN et al. [14] reported that the pulsed discharge radiant was in the far ultraviolet to near infrared spectral ranges, among which UV light with a wavelength of less than 385 nm could excite the photocatalytic activity of TiO 2 [16] , and as a result pollutants' degradation was enhanced in the pulsed discharge process coupled with TiO 2 [17, 18] .
In the present study, a porous ceramic tube was introduced into a pulsed discharge plasma reactor that generated hybrid gas/liquid discharge. The streamer discharge plasma was initialized at the discharge electrode in the ceramic tube and entered the solution accompanying the additive gas through tiny holes in the ceramic tube [19] . The effects of the discharge state and solution conditions on the decoloration efficiency of Acid Orange II were investigated. Furthermore, a TiO 2 photocatalyst was introduced into the reactor to enhance the energy efficiency. This pulsed discharge reactor coupled with TiO 2 photocatalysis is promising for the industrialization of organic wastewater disposal. Fig. 1 exhibits the experimental system, which consists mainly of a reactor vessel and a pulsed high-voltage power supply. The reactor was made of a Plexiglass cylinder, in which a tungsten wire (1 mm in diameter) as the discharge electrode was placed in the center of the ceramic tube and a stainless steel mesh as the ground electrode was affixed to the wall of Plexiglass (88.7 mm in height). The ceramic tube (18.6 mm in outer diameter, 12 mm in inner diameter and 77 mm in height) was linearity ceramic containing 97% alumina. The average pore size of the ceramic tube was 15 µm. High-voltage (HV) pulse power was supplied, with an adjustable DC power supply (0 kV to 50 kV), a tank capacitor, an adjustable pulse-forming capacitance and a rotating spark-gap switch. The pulse rise time and the pulse width were less than 100 ns and 500 ns, respectively. In the present study, the pulsed frequency and storage capacitance were 25 Hz and 6 nF, respectively. The peak voltage and current were measured with a digital oscilloscope (Tektronix TDS2024) equipped with a voltage probe (Tektronix P6015A) and a current probe (Tektronix P6021). Typical voltage and current waveforms are shown in Fig. 2 . The circulating dye wastewater treatment was carried out through the following process. The wastewater was pumped into the bottom of the reactor, emerged at the top of the reactor and then returned to the solution tank. The streamer discharge plasma was initialized in the ceramic tube and permeated through the tiny holes in the tube into the solution accompanied by the bubble gas. Dense streamer discharge was distributed on the surface of the ceramic tube. A typical discharge photograph recorded during the discharge process is shown in Fig. 3 . The Acid Orange II solution was prepared by dissolving analytical grade Acid Orange II in deionized water. The solution conductivity was adjusted by adding NaCl to the solution. The initial concentration of Acid Orange II was fixed at 50 ppm. The dye wastewater treatment was performed under ambient temperature. The absorbance of the treated dye solution was performed by a UV-Vis spectrophotometer (Shimadzu, UV-1200) at a wavelength of 485 nm. 
Experiment

Effect of pulsed discharge voltage
Pulsed discharge plasma contains a large number of active species, such as high energy electrons, ions, radicals and O 3 , which are directly affected by the pulsed discharge voltage because the energy of each pulse increases with the pulsed discharge voltage. Hence, the pulsed discharge voltage is regarded as one of the important electrical parameters to evaluate the application of the hybrid gas/liquid pulsed discharge plasma reactor for dye wastewater treatment. The curve trend of the decoloration efficiency of Acid Orange II by changing the peak pulse voltage is illustrated in Fig. 4 . The decoloration efficiency increased with the peak pulse voltage due to the enhancement of the energy input. In the present study, when the peak pulse voltage was increased from 20 kV to 24.5 kV, the decoloration efficiency of Acid Orange II rose from 68% to 78%, within 60 min of the discharge treatment. An increase in the pulsed voltage would improve the discharge intensity and thus enhance the amount of active species generated, which benefited the decoloration treatment. In order to evaluate the energy consumption of the reactor, the energy efficiency was evaluated, which decreased with the increase in the peak pulse voltage. When the peak pulse voltage was increased from 20 kV to 22.5 kV and 24.5 kV, the energy efficiency was found to be 0.56 g (kWh), 0.45 g (kWh) and 0.43 g (kWh), respectively. The reason for this could be that at a higher applied voltage, less Acid Orange II was residual in the water and more intermediates competed with dye molecules for active species, leading to a decrease in the energy efficiency. However, the decoloration efficiency was only increased by 14.7% (68% to 78%) when the peak pulse voltage was increased by 22.5% (20 kV to 24.5 kV). In order to save electric energy, 20 kV is chosen as the discharge voltage in the following discussion. 
Effect of additive gas atmosphere
A discharge process under different gas atmospheres can lead to different varieties and numbers of active species [14] . In order to investigate the effect of different oxidative species on the decoloration of dye wastewater, pulsed discharges were conducted under oxygen and argon atmosphere separately. The results for dye decoloration are illustrated in Fig. 5 . The decoloration efficiency of Acid Orange II was much higher with additive O 2 gas, and 97% of Acid Orange II was decolored, which was 51% higher than that with argon gas. ·OH is the main oxidative specie under argon atmosphere, the density of which has been reported to be much higher than that under O 2 atmosphere in the same conditions [14, 20] ; while O-reagents of high oxidative potential, including O atoms and O 3 , were produced during the discharge process with additive O 2 gas. Furthermore, O 3 could react with water to produce ·OH oxidizing dye. The experimental result indicated that O 3 played a significant role in dye decoloration. 
Effect of O 2 bubbling rate
The effect of the O 2 bubbling rate on the decoloration efficiency is illustrated in Fig. 6 . The Acid Orange II decoloration efficiency decreased with the increase in the bubbling rate. During the discharge process, the active species (O 3 , O − , etc.) were produced by the gas phase discharge in the ceramic tube and the discharge streamer was injected into the solution along with the bubbling gas [19, 21] . The effect of the O 2 bubbling rate could be demonstrated from two aspects. Firstly, increasing the bubbling rate could accelerate the production of active species, but a higher O 2 bubbling rate would shorten the residence time of active species in the solution. Secondly, O 2 is a type of electronegative gas that adsorbs electrons. The amount of O 2 rises with the increase in the gas bubbling rate, leading to a decrease in the amount of high-energy electrons. In the present study, when the bubbling rate increased from 0.6 L/min to 2.0 L/min, the decoloration efficiency was decreased by 6%. Fig. 7 shows the effect of solution conductivity on the decoloration efficiency. It was found that the decoloration efficiency changed slightly under two different solution conductivities, indicating that the solution conductivity had little effect on the change in decoloration. The reason was that the pulsed discharge plasma was mainly formed in the gas phase inside the ceramic tube. The solution outside the ceramic tube acted as a plasma spreading channel and the solution conductivity only affected the diffusion of the streamer [16] . Since the conductivity of industrial dye wastewater is much higher than that of deionized water, this hybrid gas/liquid pulsed discharge plasma reactor would exhibit a good prospect for the industrialization of organic wastewater treatment. TiO 2 is a type of environmentally benign catalyst and has been applied in environmental pollution control. In order to make full use of the discharge streamer, TiO 2 Degussa P25 powder, consisting of an anatase and rutile phase mixture in an anatase/rutile ratio of approximately 80 : 20, was introduced into the reactor, which was suspended uniformly in the dye wastewater. As shown in Fig. 8 , the decoloration efficiency was enhanced due to the presence of TiO 2 , indicating that the discharge streamer could permeate the tiny holes in the ceramic tube to excite TiO 2 , which was similar to the role of the discharge steamer in the liquid phase discharge [18, 22] , and thus more active species were generated to participate in the dye wastewater treatment. In the process of the pulsed discharge, ·O could be formed through the dissociation reaction that was caused by inelastic collisions between the produced high-energy electrons (e − * ) and ambient gas molecules (O 2 ) [23] :
Effect of solution conductivity
Pulsed discharge in the aqueous phase could also initiate the following reaction [24] :
The oxidation potential of ·O (2.42 V) is only next to that of ·OH (2.80 V) and thus both radicals play important roles in destroying dye molecules. In a pulsed discharge system involving TiO 2 , the photocatalytic activity of TiO 2 could be induced by some discharge streamer whose energy was higher than the band gap of TiO 2 , and electron-hole pairs was formed. The possible reaction pathways of TiO 2 photocatalysis are given by [25] :
Reactions (3)∼(5) indicate that more ·OH could be formed by the effect of h + on the surface of TiO 2 . In addition, O 2 could be formed in the presence of TiO 2 photocatalyst (Reaction (6)), resulting in an increased amount of generated ·O through the effect of the pulsed discharge electrical field (Reaction (1)) and O 3 concentration also increased in this way. The strong electric field in discharge plasma could inhibit the recombination of electrons and holes on the TiO 2 surface and thus TiO 2 photocatalysis was suggested to form more oxidative species to oxidize dye molecules in water. With the increase in the applied voltage, the TiO 2 catalytic effect was more obvious. When the applied voltage was 24.5 kV, the decoloration efficiency was increased by about 13%. Accordingly, it was indicated that a higher applied voltage could not only contribute to the formation of more active species but also enhance the catalytic action of TiO 2 .
Conclusion
A hybrid gas/liquid pulsed discharge plasma reactor was built where the gas phase and liquid phase were separated by a porous ceramic tube. The decoloration efficiency increased with the peak pulse voltage due to the enhancement of the energy input. O 2 as the carrier gas was found to lead to higher decoloration efficiency due to the production of O-reagents of high oxidative potential. The increase in the O 2 bubbling rate demonstrated a negative effect on the decoloration efficiency in the present study. Under the studied conditions, the best result of decoloration efficiency was obtained under an O 2 bubbling rate of 0.6 L/min. Solution conductivity had little impact on the decoloration rate and adding TiO 2 into the reactor could improve the decoloration efficiency effectively. This study exhibited the feasibility of this reactor for the treatment of wastewater with organic compounds other than dye.
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